The aim of the present study was to evaluate the fungicidal activity of chlorine and peracetic acid in drinking water against various pathogenic Aspergillus spp. and Candida albicans strains. A. nidulans exhibited the greatest resistance, requiring 10 ppm of chlorine for 30 min contact time for a complete inactivation. Under the same experimental conditions, peracetic acid was even less fungicidal. In this case, A. niger proved to be the most resistant species (50 ppm for 60 min for complete inactivation).
INTRODUCTION
Drinking water disinfection practices are designed to control most pathogenic microorganisms responsible for waterborne diseases. With regard to fungi, their occurrence in drinking water has received increasing attention in the last few decades given the risk they may pose to human health, in particular immunocompromised patients, either through the drinking of water or through dispersion, i.e nebulization, of spores in the air. Indeed, more and more studies point to water as a potential source of opportunistic, allergenic and toxigenic filamentous fungi (Kanzler et al. ; Hageskal et al. ) . Such fungi may also survive conventional disinfection treatments, particularly within biofilm (Rosenzweig et al. ; Doggett ; Exner et al. ) .
Chlorine-based compounds such as sodium hypochlorite (NaClO) are the most widely used microbicidal halogens for drinking water disinfection. However, such chlorination treatments were found to be insufficient to eliminate fungi, and therefore, water distribution systems might be reservoirs for fungi, particularly the Fusarium and Aspergillus species Fungal contamination of potable water systems is even more dangerous in hospital settings due to the presence of immunocompromised consumers. Although hospitals have adopted preventive measures such as high-efficiency particulate air (HEPA) filters and laminar air flow (LAF), the incidence of aspergillosis continues to increase. This Warris et al. ) . Some authors caution that there are still few findings to support alternative vehicles of aspergillus diffusion in hospitals (Hajjeh & Warnock ) . However, genotypic findings showing a relation between clinical and environmental isolates suggest that patients with invasive aspergillosis can be infected by strains originating from water or from air (Warris et al. ) . Candida albicans is the most frequently isolated fungal pathogen in humans with superficial and systemic infection caused by yeast (Tuomanen ) . It is also well known for its ability to form biofilm in drinking water distribution networks, which show a particular resistance to disinfection treatments (Doggett ; Kumamoto & Vinces ) .
Epidemiological studies have highlighted the association between the mutagenic and/or carcinogenic effects of disinfection by-products (DBP) and the chlorination of drinking water (Richardson et al.  (Briancesco et al. ; Koivunen & Heinonen-Tanski ) or water surface, for the eradication of Legionella and biofilm control (McDonnel ), as well as for disinfecting microfiltered water dispensers (Zanetti et al. ) . With regard to the possible use of PAA in drinking water, studies have been conducted using doses ranging from 0.5 to 5 ppm and for various contact times. These studies showed a high reduction of bacterial vitality already at doses of 1.5 to 2 ppm (Ragazzo et al. ; Goveas et al. ) . Another study showed that in order to completely eliminate the total and fecal coliform present in the water supply a dose of 2 ppm PAA was required (Trujillo et al. ) . The major advantages of PAA are the ease of its application, its broad spectrum of activity, even in the presence of heterogeneous organic matter, and the absence of persistent toxic or mutagenic residuals or DBP (Briancesco et al. ; McDonnel ).
The aim of the present study was to test the fungicidal activity of chlorine and PAA in drinking water against a panel of pathogenic Aspergillus spp. and C. albicans strains and to evaluate possible synergistic effects in order to reduce the amount of chlorine used in drinking water.
METHODS

Isolates
Twenty-eight clinical and environmental isolates belonging to two different genera were tested in this study. These included:
A. flavipes (n. 3), A. flavus (n. 4), A. fumigatus (n. 4), A. nidulans (n. 3), A. niger, (n. 4), A. terreus (n. 2), A. ustus (n. 2), A. versicolor (n. 2) and four strains of C. albicans (three clinical isolates and one ATCC 14053). Aspergillus spp. were previously identified for their macroscopic and microscopic characteristics. Microscopic analyses were performed by slide culture and lactophenol blue staining methods (Lactophenol Blue Solution, Sigma-Aldrich). C. albicans isolates were identified by conventional methods (germ tube formation, microscopic morphology in corn meal-Tween 80 agar, and carbohydrate fermentation tests) and using a commercial kit API 20 W C (bioMerieux, Marcy I'Etoile-France). 
Preparation of conidial and yeast suspensions
Biocides and neutralizing medium
All reagents used were of analytical grade. Stock solutions of active chlorine (added to cell suspensions as NaClO) and
PAA were prepared in sterile and chlorine demand free distilled water from NaClO (4% chlorine) (Sigma) and PAA (32% WT of PAA) (Aldrich) respectively. The concentrations of the biocides were determined daily before starting tests. The DPD (N,N-diethyl-p-phenylenediamine) colorimetric method was used to measure levels of free chlorine and peroxiacid in NaClO and PAA respectively 
Susceptibility testing for yeasts
One ml of C. albicans suspension was added to 9 ml of drinking water containing 0, 0.1, 0.15, 0.2 and 0.4 ppm of active chlorine or 0, 1, 2, 3, 5 and 10 ppm of PAA. After time exposure of 0, 0.5, 1, 3 and 24 h, 1 ml of the test mixture was drawn and biocides were immediately inactivated with 10 μl Na 2 S 2 O 3 1 N. Ten fold serial dilutions were per- 
RESULTS
In all the water samples analyzed before artificial contamination, both yeasts and filamentous fungi were always absent, while indigenous microflora was often absent or found in rather low quantities (<10 cfu/ml). Table 1 , the susceptibility of filamentous fungi to oxidants is time and dose dependent, in particular in the response to chlorine. However, all the Aspergillus spp. 
As shown in
Values are average of three experiments. þ: growth fungal cells in microdilution wells; -: no growth fungal cells in microdilution wells or less than two colonies, representing a kill rate of >99.9%; ±: variable results such as growth only one of three microdilution test.
of treatment were necessary to obtain the same result (Figure 1(a) ). Conversely, PAA was not very effective againt C. albicans. In fact, only the treatment with 10 ppm for 24 h resulted in the complete elimination of the yeast (Figure 1(b) ), while with the same time exposure 3 ppm and 5 ppm of PAA reduced the viable cells of only 1 and 2.3 log, respectively.
In a set of experiments, combinations of PAA and chlorine were selected and the degree of synergy against filamentous fungi and C. albicans was evaluated. Table 2 shows the median of the ΣFIC index and the ΣFIC min 
DISCUSSION
The data obtained in this study show that all Aspergillus spp.
are able to withstand concentrations of chlorine or PAA many times higher than those usually found in drinking water for long periods. Hence the current water disinfection procedures, such as chlorination, do not ensure the The ΣFIC indicates synergy for FIC < 0.5, additivity for 0.5 FIC 2 and antagonism for FIC > 2. Since Aspergillus spp. was shown to be highly resistant to chlorine, an alternative biocide, PAA, was tested against these fungi in drinking water. However, the disinfectant activity of PAA was found to be poor and therefore it appears that it cannot be used as an alternative to chlorine.
The It should be noted, however, that both synergistic and addictive effects were found with concentrations of the two biocides several times higher than those used in drinking water. Hence we can conclude that these combinations of PAA and chlorine can only be used for specific treatments, such as 'shock disinfection', and not for conventional disinfectant treatment of potable water. Finally, our data indicate that PAA, alone or in combination with chlorine, does not seem to be a good candidate even for disinfection of C. albicans in potable water.
The higher resistance of fungi to biocides compared to bacteria may be related to differences in cell wall composition, while the greater resistance of moulds compared to yeasts is probably related to the higher content of cell wall glycan in moulds (McDonnel & Denver Russel ).
CONCLUSION
The present study provides additional information on the high resistance of Aspergillus spp. to chlorination and shows that PAA is not a viable alternative fungicide to chlorine. Furthermore, not even a combination of PAA and chlorine proved to be effective in eliminating filamentous fungi, at least at the concentrations permissible in drinking water. The persistence of potentially pathogenic fungi in potable water highlight the relevance of waterborne fungi to human health. Further studies are needed to test the effectiveness of other biocides or treatment strategies to inactivate Aspergillus spp. in potable water distribution systems.
